Stainless steels are used in an array of applications where their ability to take on colour is of aesthetic value. Although thermal colouring (heat tinting) is known, particularly in terms of its effect on welds, the surface development of thermally coloured stainless steel has not been considered in detail. This paper demonstrates the colour development of a bright annealed 304 stainless steel with time at temperature. The colour development has been quantified using colour spectrophotoscopy and the colour related to the growth of surface oxide features by Scanning Electron Microscopy and the chemical profiles by X-ray Photoelectron Spectroscopy (XPS). There is a clear development of both the oxide thickness and chemistry, with increasing time with small nodules being the main features seen across the surface of the samples with time. The oxides have been shown to comprise of an outer iron rich oxide and an inner chromium/iron spinel layer.
Introduction
Stainless steels are used extensively for a wide range of applications, including those for architectural buildings and structures. They are utilised for a variety of architectural features including external cladding and internal designs such as facings on walls in communal areas due to their good corrosion resistance and aesthetic appeal. Stainless steel can be bulk processed to produce a range of surface finishes including near mirror finish, by bright annealing, through to highly textured surfaces. To enhance their aesthetics, a range of colours can be produced on stainless steel which not only gives the architect a vast range of material looks but can also potentially assist in the protection of the metal from the environment.
Colours can be applied using a number of different procedures from chemical methods to physical vapour deposition (PVD). Chemical colouring involves immersing the stainless steel in hot chromic and sulphuric acid solution causing a uniform oxide film displaying interference colour to be formed on the surface 1, 2 . The film thickness increases with immersion time 1 , and varying the film thickness causes a change in the colour of the film.
Stainless steel has also been successfully coloured using electrochemical methods involving electrolytic solutions containing Cr 6+ ions 3, 4 and also in solutions containing no Cr 6+ ions [5] [6] [7] .
PVD involves vaporising the coating material before being deposited as a thin film of component. A range of coating materials can deposited depending on the colour required and the application of the final component.
Colours can also be generated by 'temper' colouring where thermal oxides are developed on the surface of the metal through heat treatments 8, 9 . Temper colours are usually produced at a set heat treatment temperature over a range from 300-850°C, although the colour developed is also dependent on the time at temperature and therefore the oxide character and thickness as the colours are produced by an interference affect from the thin oxide film. At higher temperatures the colours are generally reported as grey or dark grey as thicker oxides are developed 8, 9 .
Although colouring via thermal oxide growth is relatively well known, the physical nature of the oxidised surface has not been fully investigated. This paper considers the controlled growth of thermal oxides, with the colour correlated to the oxide structures and morphologies.
The oxides have been characterised using advanced analytical techniques including X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM).
Experimental Procedure
Austenitic grade stainless steel Type 304 (1.4301) was supplied as 2mm sheet in the bright annealed condition. The material was cut into 20 mm 2 coupons and cleaned in acetone before being oxidised in a box furnace, in laboratory air, at 650°C for increasing amounts of time from 1-10 minutes. Following oxidation the colour of the coupons was measured using an Xrite colour spectrophotometer using both L*a*b* and L,c,h measurements. In both systems L*/L gives a measure of the "lightness". In L*a*b*, a*b* represent the colour component (ared to green and b-yellow to blue) and in L,c,h, c gives a measure of chroma or saturation and h the hue 10 .
The oxides were imaged using optical microscopy with colour micrographs taken to study the colour profile across the samples. The surfaces of the samples were examined using Scanning Electron Microscopy (SEM) in a LEO 1530 VP Field Emission Gun SEM (FEGSEM). Chemical depth profiling was carried out using a Thermoscientific K-Alpha Xray Photoelectron Spectroscopy (XPS) using a monochromated Kα Al X-ray source. The etch depth was approximated against a Ta 2 O 5 standard. annealing process has thermally etched the surface of the materials with ridges on the surface which appear to be related to the orientation of the grains. An XPS depth profile of the as received material is shown in Fig. 4(a) . As would be expected for a stainless steel there is a very thin oxide layer on the surface of the metal. The chemical profiles show an iron rich outer oxide layer and a chromium/iron rich inner oxide layer, this is consistent with the XPS observations on 304 who also observed a similar profile on a 1µm polished surface 11 .
Results and Discussion
Analysis of the XPS data against a Ta 2 O 5 standard showed this layer to be ~10nm in thickness. Ziemniak et al. 12 observed a native oxide layer of 1-2nm on an electropolished surface and a machined sample. The layer observed in the present study is slightly thicker which could be due to a thicker oxide being developed during the bright annealing process. showing a higher magnification of the region highlighted in (a) Fig. 6 shows SEM micrographs of the surface of the sample after 10 minutes at 650°C. There is a more homogeneous cover of the small oxide nodules over the surface of the sample, Fig.6 (a) although there are very small patches where the fraction is lower. Fig.6 (b) shows a higher magnification of the oxide nodules. The nodules are less than 500nm in size and have a random globular shape with no obvious crystallographic features. Nodules have previously been reported to form on 304 stainless steel during high temperature oxidation 12, 13 . These nodules were however formed at higher temperatures and for considerably longer oxidation times and as such are generally larger and exhibit crystallographic structure such as octahedral shapes, platelets or whiskers 13, 14 . Figure 6 : SEM micrographs of the sample surface following oxidation for 10 minutes XPS depth profiles for iron oxide, chromium oxide and oxygen species with oxidation time are shown in Fig. 7 . The iron oxide profiles ( Fig. 7(a) ) show that the initial native iron oxide peak seen in the as received metal thickens as the time increases up to 3 minutes. Between 3 and 7 minutes the profiles are very similar with an initial peak followed by a plateau as the etch time increases. For the 8-10 minute samples after the initial peak the iron oxide content decreases rapidly. The chromium oxide plots in Fig.7(b) show sharp peaks for the as received and the 1-3 minute samples being further into the surface than the iron oxide peak at all times. The profiles of the 4-10 minutes samples are all very similar, after the initial peak the curves plateau to ~7 atomic percent. Fig. 7(c) show the oxygen profiles with time. As expected, as the time at temperatures increases, the thickness of the oxides increases. The 7-10 minutes samples show a very similar oxide profile.
The oxides developed consist of two layers, the outer layer is predominately iron oxide and the inner layer an iron-chromium oxide. Saeki et al. 11 showed a similar result on 304 oxidised at 1000°C for short times. By X-ray diffraction they concluded that the outer layer 
Conclusions
Thermal oxide colours can be developed at a single oxidation temperature by increasing the exposure time, up to 10 minutes at 650°C. These oxides consist of an outer iron oxide, hematite Fe 2 O 3 , and an inner iron-chromium spinel. The outer layer is characterised by small (less than 500nm) nodules which become increasing homogeneous as the time increases.
After ~7 minutes the colour remains blue and there is no change in the oxide thickness detected up to 10 minutes. The only change over this time is the continued nucleation of the oxide nodules.
